A large panel of mouse monoclonal antibodies was produced and tested against field isolates of the equine H7N7 influenza A virus subtype. Only a limited degree of H7 haemagglutinin variation was detected. At least four antigenic sites were identified by selecting variant viruses in eggs. The limited variation in the field did not correlate with the frequency of variant viruses detected in eggs; this frequency was similar to those reported for other influenza viruses. We sought to determine whether the limited amount of variation could be correlated with an epitope-restricted antibody response in vaccinated horses. To this end, limiting dilution cultures were established with peripheral blood leukocytes from vaccinated ponies and the antibodies released into culture supernatants were assayed for binding to variant H7 viruses in ELISA. Three neutralizable antigenic sites mapped by mouse antibodies were also recognized by antibodies in pony limiting dilution culture supernatants, indicating that the equine antibody response against the influenza virus H7 haemagglutinin is diverse, and should be effective in selecting variant viruses.
Between 1956 and 1977 the H7N7 subtype of equine influenza virus caused disease in horses throughout the world. Although there has been serological evidence of its continued presence in horses, this subtype has not been isolated from diseased horses in recent years. A second equine influenza virus of subtype H3N8 continues to circulate and to cause disease (J. J. Skehel & R. G. Webster, personal communication). Nucleotide sequencing of H7 genes revealed limited numbers of amino acid substitutions among viruses isolated between 1956 and 1977 (Gibson et al., 1988) . We have investigated antigenic variation in the equine virus H7 haemagglutinin (HA) by testing anti-HA monoclonal antibodies (MAbs) against field isolates and laboratory-derived variant viruses. Furthermore, we have used virus variants to assess the diversity of the equine antibody response against the H7 HA, in order to determine to what extent an immune equine population would be likely to select variant viruses.
BALB/c mouse lymphocyte donors (Charles River) were immunized intraperitoneally with 10000 HA units (HAU) of A/equine/Prague/I/56 (H7N7) and boosted intravenously with approximately 5000 HAU of the same virus 3 days prior to fusion. Spleen cells were fused with SP2/0-AG14 myeloma cells (Galfr6 & Milstein, 1981) and were screened in the haemagglutination inhibition (HI) test [modified as described by Appleton et al. (1987) ] against 4 HAU of purified virus or viruscontaining allantoic fluid. The equine MAb 112 has been previously described (Appleton et al., 1989) . Goat anti-A/equine/Prague/I/56 (H7N7) was obtained from the ATCC.
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HI titre of Prague~56 virus-specific hybridoma-induced ascites fluid against equine virus H7 field isolates
t ND, Not done.
between cloned Prague/56 virus grown in the presence of a 1:40 dilution of myeloma-induced mouse ascites fluid and virus grown in the presence of H7-specific MAb. Variants were cloned twice by LD in the presence of the selecting antibody (Appleton et al., 1987) . Cloned viruses were grown in the presence of the selecting antibody and purified as described above. Nineteen mouse MAbs were prepared and used to select virus variants. Variants were tested for HI against the panel of antibodies (Table 1) . HI tests were performed two or three times for each antibody/virus combination. The reaction of a MAb with a variant virus was considered to be significantly reduced if its titre against the variant was 10-fold lower than its titre against A/equine/Prague/1/56 virus. At least four antigenic sites were mapped on the H7 by this method. Three sites, each defined by three or more antibodies, were called 1, 2 and 3. Three mouse antibodies and the equine MAb (no. 112) did not recognize these sites.
HI testing of field isolates with MAbs revealed that seven antibodies failed to react with some of the viruses, but no trend of antigenic drift was apparent in any one site (Table 2) . Some accumulated antigenic variation was evident only in the most recent isolate tested, Argentina/ 77. Gibson et al. (1988) have reported that equine influenza viruses isolated after 1963 carry antigenically variant HA molecules, based on the selective reactivity of anti-Prague/56 ferret serum with Prague/56 and Cambridge/63 viruses. Although sequence data supported their conclusion that later viruses were divergent from the pre-1963 isolates, evidence for the antigenic expression of genetic divergence was limited. In our experiments, goat anti-Prague/56 serum reacted well with all viruses tested, and did not react more effectively with Kentucky/58 and Prague/56 viruses than with more recent isolates (Table 2) . Nor did MAbs distinguish these early viruses from later isolates. Other investigators have described a lack of variation in H7 when measured with polyclonal horse and ferret (Burrows & Denyer, 1982) or rabbit and horse (Kudo et al., 1986) sera.
MAbs selected variants at frequencies ranging from 10 -5.67 to < 10 -7, similar to those reported for human type A influenza viruses (Lubeck et al., 1980; Laver et al., 1979) . Six MAbs (nos. 9, 15, 17, 12, 3 and 112) failed to select stable variants, and three others (nos. 10, 16 and 20) selected variants that grew poorly in eggs.
To assess the epitope specificity of the equine antibody response to the H7, LD techniques were employed. Leukocytes were prepared from pony venous blood as described previously (Appleton et al., 1989) . Cell suspensions were titrated against various quantities of virus in 96-well culture plates (Costar) to establish the optimum concentrations for LD cultures. In cultures from the three ponies included in the study, consistent antibody levels were demonstrated at concentrations of 4 × 106 cells and 1 or 4 HAU A/equine/Prague/I/56 virus per ml (200 ~tl per well). For LD cultures, plasticadherent (monocytes, B lymphocytes) and non-adherent cells (T lymphocytes) were separated according to the method of Crepaldi et al. (1986) . Equine blood lymphocytes are approximately 80~ T and 20~ B lymphocytes (Crepaldi et al., 1986) . Therefore, LD cultures were established using 3.2 x 106 non-adherent cells/ml and various concentrations of adherent cells ranging from 0"8 × 10 6 to 0.05 × 10 6 cells/ml. Each cell combination was plated in 10 to 42 replicate wells (most often 18 to 24 wells). Cultures were incubated in 5 ~ CO2 at 37 °C for 13 days. Supernatants were harvested and frozen at -20 °C.
Antibodies in culture supernatants were screened by ELISA (Appleton et al., 1989) on A/equine/Prague/I/56 virus, crude allantoic fluid (diluted 1:5) and purified A/equine/Miami/I/63 (H3N8) virus. Culture supernatants yielding absorbances greater than 2 s.o. higher than the average value for control cultures (4 × 106 unseparated leukocytes/ml, virus-free) on each antigen were considered positive. Supernatants were selected for further study if 66 ~o or fewer of the wells at that dilution were positive by ELISA on A/equine/Prague/I/56 virus, regardless of reactivity with other antigens. The majority of these positive cultures reacted with one or both of the control antigens and were eliminated from the study. Six supernatants were found to be specific for the H7 virus subtype.
When tested for antibody binding to field-and laboratory-derived variant H7 viruses, culture supernatants were titrated, beginning at 1:20. The titre was determined to be the highest dilution giving a value that was 1 S.D. higher than the virus-free control culture supernatant, diluted 1:20. The reaction of a culture supernatant with a variant virus was considered to be significantly different (values shown in bold in Tables 3  and 4 ) if its titre against the variant was fourfold lower than its titre against A/equine/Prague/I/56 virus. This criterion was not as stringent as that applied to MAb ascites in HI, as the quantity of antibody in the supernatants was much lower than in the ascites. Radioimmunoprecipitation of H7 from [3SS]methioninelabelled virus-infected cell lysates was used to confirm the specificity of three LD culture supernatants (F2F, O 1E and 02) for the HA molecule (not shown). For three supernatants, sufficient volumes could not be recovered for the assay.
Examination of the specificity of equine antibodies generated in LD cultures revealed diversity in the pony antibody response against the H7. Furthermore, three of six supernatants (02, OIE and O1G) contained antibodies that bound to epitopes near to or coincident with 1" Each culture supernatant was identified by its plate location and was assigned a letter prefix designating the pony donor. Thus all F cultures were established from one pony.
Uncloned virus. Variants (V2, VI 1, etc.) were selected from a clone of this virus, using the mouse MAbs listed in Table 1. § Variant virus selected with mouse MAb 2 (see Table 2 ). IIND, Not done. (Table 3) . Although one supernatant (O 1 E) clearly bound to site 2, two others behaved like mouse antibodies 17, 15 and 5, in that their specificities did not map to a single antigenic site, but rather to sites 2 and 3 (O1G) or 1 and 3 (02). These findings are consistent with the notion that the antigenic sites on the HA are not physically or functionally completely isolated. When tested on field isolates, only two of six LD antibodies failed to bind most of the isolates tested, confirming that the H7 has undergone some antigenic change, but that the change is unlikely to be extensive.
The diversity of the antibody response against the H7 revealed by LD analysis indicates that its antigenic stability is not likely to be the result of an epitoperestricted antibody response in horses. The killed virus vaccine employed for influenza prophylaxis in horses incorporates A/equine/Prague/l/56 virus and has been reported to be effective in inducing HA-specific antibodies (Wood et aL, 1983) . The apparent absence of recent infection by the H7 subtype in the horse population may be the combined result of the diversity of the antibody response in vaccinated horses and the relatively invariant nature of the equine H7. The limited antigenic variation in the H7 is not the result of an HA structure that is entirely intolerant of mutations. Our laboratory analysis revealed variant frequencies for three antigenic sites similar to those reported by others for H 1, H2 and H3 viruses (Lubeck et aL, 1980; Laver et aL, 1979) . Gibson et aL (1988) 
